ABSTRACT Extracellular matrix barriers and inducible cytoprotective genes form successive lines of defense against chemical and microbial environmental stressors. The barrier in nematodes is a collagenous extracellular matrix called the cuticle. In Caenorhabditis elegans, disruption of some cuticle collagen genes activates osmolyte and antimicrobial response genes. Physical damage to the epidermis also activates antimicrobial responses. Here, we assayed the effect of knocking down genes required for cuticle and epidermal integrity on diverse cellular stress responses. We found that disruption of specific bands of collagen, called annular furrows, coactivates detoxification, hyperosmotic, and antimicrobial response genes, but not other stress responses. Disruption of other cuticle structures and epidermal integrity does not have the same effect. Several transcription factors act downstream of furrow loss. SKN-1/ Nrf and ELT-3/GATA are required for detoxification, SKN-1/Nrf is partially required for the osmolyte response, and STA-2/Stat and ELT-3/GATA for antimicrobial gene expression. Our results are consistent with a cuticle-associated damage sensor that coordinates detoxification, hyperosmotic, and antimicrobial responses through overlapping, but distinct, downstream signaling.
XTRACELLULAR matrices (ECMs) are ubiquitous features of animal tissues composed of secreted fibrous proteins and polysaccharides. Although they were once considered inert mechanical scaffolds (Hay 1981) , it is now clear that there is dynamic and reciprocal cross talk between cells and ECMs that regulates cell differentiation, morphogenesis, and tumorigenesis (Rozario and DeSimone 2010; Clause and Barker 2013; Samarakoon et al. 2013; Winograd-Katz et al. 2014; Gaggar and Weathington 2016) . Less is known about how ECMs influence cellular responses to environmental stress.
Internal and epidermal tissues secrete ECMs as mechanical support. Epidermal ECMs also function as barriers to environmental stress. Examples include a keratin-and lipid-rich matrix in mammals (i.e., the stratum corneum of the skin) and a rigid chitinous exoskeleton in insects. Nematodes such as Caenorhabditis elegans are covered by a flexible cuticle of cross-linked collagen fibers that is secreted by underlying epidermal cells (Page and Johnstone 2007; Chisholm and Xu 2012) . It provides a first line of defense against desiccation, as well as some pathogens and toxins (Alvarez et al. 2007; Partridge et al. 2008; Burns et al. 2010) .
C. elegans mounts distinct cellular responses to stressors that are broadly conserved (Lamitina et al. 2006; Wheeler and Thomas 2006; Pujol et al. 2008a,b; Rohlfing et al. 2011; Choe 2013; Zugasti et al. 2014) . In response to high osmolarity, C. elegans synthesizes the organic osmolyte glycerol in part by inducing gpdh-1, which encodes the ratelimiting enzyme GPDH (glycerol-3-phosphate dehydrogenase) (Lamitina et al. 2004 (Lamitina et al. , 2006 . High osmolarity and infection with fungal pathogens that pierce the C. elegans cuticle induce several antimicrobial peptide genes including nlp-29 (Pujol et al. 2008a,b; Zugasti et al. 2014) . Genetic studies have identified cuticle collagens that are required to regulate gpdh-1 and nlp-29 under basal conditions (Lamitina et al. 2006; Wheeler and Thomas 2006; Pujol et al. 2008b; Choe 2013; Zugasti et al. 2016) suggesting that the cuticle may contain a sensor for stress (Lamitina et al. 2006; Wheeler and Thomas 2006; Choe 2013; Taffoni and Pujol 2015) . The nature of this putative sensor and downstream signaling mechanisms remain poorly defined and it is unclear if other stress responses are also activated.
In response to reactive small molecules, cap "n" collar (CNC) transcription factors activate antioxidant and detoxification genes in nematodes, insects, and mammals (Hu et al. 2006; Oliveira et al. 2009; Park et al. 2009; Sykiotis and Bohmann 2010; Choe et al. 2012; Blackwell et al. 2015) . The single C. elegans CNC, SKN-1, promotes stress resistance, slows aging, and extends life span, while the mammalian CNC Nrf2 protects against cancer, neurodegeneration, inflammation, and fibrosis (Oliveira et al. 2009; Park et al. 2009; Sykiotis and Bohmann 2010) . CNCs are regulated by a complex set of intracellular signals that influence posttranslational modifications, degradation, and nuclear translocation (Bryan et al. 2013; Niture et al. 2013; Blackwell et al. 2015) ; regulation of CNCs via the ECM would represent a distinct mechanism.
We used RNA interference (RNAi) to test disruption of diverse aspects of cuticle and epidermal integrity for activation of six conserved stress responses. Our results show that osmolyte accumulation and detoxification responses are coactivated by disruption of a specific cuticle structure called the annular furrow, and not by general changes in body shape or epidermal integrity. Antimicrobial response genes were also activated by furrow disruption, and more generally by loss of epidermal integrity. Hyperosmolarity also induces skn-1-dependent detoxification genes. Surprisingly, we also find that in furrow mutants, skn-1 is required for full induction of genes that regulate the accumulation of osmolytes. Alternatively, activation of antimicrobial genes by furrow loss is dependent on STA-2/ STAT and ELT-3/GATA transcription factors. Our results are consistent with the presence of a damage sensor residing in, or associated with, furrows in the cuticle that coregulates three different stress defense pathways.
Materials and Methods

C. elegans strains
The following strains were used vs.: wild-type N2 Bristol, , QV285 frIs7 [nlp-29p::GFP, col-12p::DsRed], IG274 frIs7, CB128 dpy-10(e128), CB88 dpy-7(e88), BE3 sqt-2(sc3), CB61 dpy-5(e61), QV41 dpy-10(e128);vsls33;dvIs19, QV248 dpy-7(e88);dvIs19, QV261 dpy-7(e88);kbIs24, IG1689 dpy-7(e88);frIs7, IG1710 dpy-7(e88); elt-3(gk121);frIs7, IG1705 dpy-7(e88);sta-2(ok1860);frIs7, IG1685 dpy-3(e27);frIs7, G1709 dpy-3(e27)elt-3(gk121);frIs7, IG1704 dpy-3(e27);sta-2(ok1860);frIs7, IG1457 dpy-10(e128); frIs7, IG1712 dpy-10(e128);elt-3(gk121);frIs7, IG1707 dpy-10(e128);sta-2(ok1860);frIs7, TP12 kaIs12 :GFP], VP332 gpdh-1(kb24);gpdh-2(kb33), LD001 ldIs7[skn-1B/C::GFP + pRF4(rol-6(su1006))], and GR2245 skn-1(mg570). QV251, which contains a reporter for gst-10p, was generated using PCR to fuse 951-bp upstream from the start codon to GFP (Hobert 2002) . The fusion PCR product was then injected at 20 ng/ml with myo-3p::dsRed as a comarker. Unless noted otherwise, worms were cultured at 20°using standard methods (Brenner 1974 ).
RNAi and screening
RNAi was performed by feeding worms strains of Escherichia coli [HT115(DE3)] that are engineered to transcribe doublestranded RNA (dsRNA) homologous to a target gene (Kamath et al. 2001) . The cuticle and epidermal screen in Figure 1A was performed with dsRNA feeding constructs from the ORFeome library (Open Biosystems, Huntsville, AL) (Rual et al. 2004) and supplemented with clones for dpy-10, dpy-20, dpy-3, and mua-6 from the genomic library (Geneservice, Cambridge, UK) (Kamath et al. 2003) . All clones used in Figure 1B were derived from the genomic library. Positive hit clone inserts were verified by sequencing and targets identified using Clone Mapper (Thakur et al. 2014) . Bacteria with plasmid pPD129.36 expressing 202 bases of dsRNA that are not homologous to any predicted C. elegans gene and the sta-1(RNAi) clone (Zugasti et al. 2016) were used as controls for nonspecific RNAi effects. RNAi was performed as described previously (Choe et al. 2009 ) with minor modifications. dsRNA-producing bacteria were grown in lysogeny broth containing selective antibiotic and then transferred to agar nematode growth medium (NGM) plates containing 0.2% b-lactose, or 1 or 3 mM IPTG (Choe et al. 2009 ). Eggs or synchronized populations of L1 larvae were placed on RNAi plates and tested at the young and gravid adult stages.
For the screen in Figure 1A , each dsRNA clone was tested with all six stress response reporter strains in 12-well agar plates in three independent trials. Fluorescent reporter induction was scored manually as an estimate of percent penetrance (0, similar to control vector; 1, 5-25%; 2, 25-75%; and 3, 75% or more) and averaged together across trials for each reporter strain. The penetrance of phenotypes affecting body morphology and behavior was scored on a scale of 0-3 (0, similar to control vector; 1, 5-10%; 2, 10-50%; and 3, 50-100%) and averaged together across all trials with all reporter strains. In all trials except the first, Dumpy was also scored for expressivity (0, similar to control vector; 1, mild; 2, moderate; and 3, strong Dumpy), and the penetrance and expressivity scores were averaged together to calculate an average value for the strength of the morphology phenotype. Only results for clones that caused an average morphology phenotype score of $ 1.0 are shown.
Quantitative PCR and transgene analysis
Detoxification gene reporters (gst-4p::GFP and gst-10p::GFP) and COL-19::GFP were imaged with an Olympus BX60 microscope with UPlanFl objectives and a Zeiss Axiocam MRm camera ([Carl Zeiss], Thornwood, NY). Fluorescence of nlp29p::GFP was quantified using a COPAS BIOSORT as previously described (Pujol et al. 2008a ) and normalized to time of flight. The BIOSORT was not sensitive enough to reliably measure gst-4p::GFP and gpdh-1p::dsRed2 fluorescence in dpy-7 worms and these were instead quantified manually in individual worms from images using Image J 1.48v to calculate average whole-worm fluorescence. Hypodermal-specific gst-4p::GFP fluorescence was also scored manually in individual worms as follows: low (dim signal limited to a few spots), medium (dim signal throughout the epidermis or bright signal only in head or tail regions), and high (bright signal throughout the epidermis). In one experiment, gst-4p::GFP was quantified using a fluorescent plate reader (Synergy HT; BioTek) (Leung et al. 2011) . SKN-1b/c::GFP was visualized with a Zeiss Axiovert 200M inverted microscope, and an LCM 5 Pascal Vario One confocal laser scanning system and 403 C-apochromat water objective.
Quantitative PCR (qPCR) assays were performed by isolating total RNA with a Quick-RNA MicroPrep kit from ZYMO Research. Reverse transcription and PCR were performed with the GoTaq 2-Step RT-qPCR system from Promega in an Eppendorf RealPlex2 using primers for rpl-2 or cdc-42 as internal controls. Relative mRNA levels were calculated using the DDCT method adjusted with primer efficiencies calculated from standard curves. Primer sequences are provided in Supplemental Material, Table S1 .
Whole-transcriptome RNA sequencing N2 worms were synchronized at the L1 larval stage via hypochlorite treatment and grown on RNAi bacteria. For high NaCl, N2 worms were transferred to 300 mM NaCl NGM agar plates as young adults and exposed for 3 or 24 hr. Mutant dpy-7 worms were harvested 1 day after first becoming gravid, which corresponds to when osmotic and detoxification gene reporters are most active. RNA was extracted from three replicates per treatment, with 1000-2000 worms per replicate, Figure 1 Genetic disruption of specific dpy genes activates detoxification, antimicrobial, and osmotic stress responses. (A) Doublestranded RNA (dsRNA)-expressing clones for genes required for diverse aspects of cuticle and epidermal integrity were scored for cuticle and morphology phenotypes and induction of stress response reporters. Stress response reporters were scored for penetrance and averaged together across three trials. Cuticle and morphology phenotype penetrance and expressivity (Dpy only) were scored and averaged together across three trials for each reporter line. Positive controls for reporters were 200 mM NaCl for gpdh-1 and nlp-29, wdr-23(RNAi) for gst-4, 34°for 1 hr for hsp-16.2, 0.5 mM paraquat for hsp-6, and 10 mg/ml tunicamycin for hsp-4. ND, not determined. Reporter results outlined with a thick white boarder were positive in at least two of three trials. Percent acute osmotic stress resistance (OSR) from trial run in (B) and the presence (Yes) or absence (No) of intact furrows and alae (from Figure 2) are also summarized. (B) The ratio of nlp-29p::GFP to time of flight was measured in a BIOSORT and normalized to the negative control sta-1(RNAi). n = 99-228 worms. Boxes are 25% percentiles above and below the median, and whiskers are minimum and maximum.
using the RNAqueous-Micro Total RNA Isolation Kit (ThermoFisher Scientific). Total RNA was sent to The Yale Center for Genome Analysis for 75 nucleotide single-end sequencing in an Illumina HiSequation 2000.
Raw sequences were processed with Kallisto to quantify transcripts and Sleuth was used for differential abundance analysis (Pimentel et al. 2017) , which generated an estimate for differential gene expression effect size termed "b" that is analogous to log 2 fold change and an adjusted P-value termed "q." We analyzed six pairs of conditions from our experiment and a previously published pair of raw sequence data (GSE63075) .
We considered genes differentially expressed if they had a q-value # 0.05 and a b-value $ 1 or # 21. All differentially expressed genes present in all conditions were clustered with Gene Cluster 3.0 using correlation (uncentered) average linkage and mapped with Java Treeview 1.1.6r4. Differentially expressed genes were tested for Gene Ontology analysis by DAVID (the Database for Annotation, Visualization, and Integrated Discovery) 6.8 for gene functional classification using a high stringency (Huang et al. 2009 ); classifications with a Benjamini adjusted P # 0.05 are listed.
In vivo assays
Acute osmotic resistance assays were performed by counting the percentage of worms that responded to gentle touches with a worm pick after 10 min on an agar plate with 500 mM NaCl, as described previously (Wheeler and Thomas 2006) . Longevity and juglone resistance assays were performed as described previously (Tang and Choe 2015) , except that instead of using floxuridine (FUDR) for longevity studies on high NaCl, adults were manually transferred to fresh plates daily for the first few days to avoid mixing generations. Osmotic survival assays were performed by transferring worms from 51 to 450 mM NaCl agar plates and counting live and dead worms a day later.
Glycerol assays
Glycerol assays were conducted on populations of whole worms lysed by sonication using the PicoProbe Free Glycerol Fluorometric Assay Kit (Biovision). Values were normalized to total protein using the Pierce BCA Protein Assay Kit (ThermoFisher Scientific).
Statistical analysis
Statistical significance was determined using a Student's t-test when two means were compared, a one-way ANOVA with a Dunnet or Tukey's post hoc test when three or more means were compared, a log-rank test when survival curves were compared, and a x 2 test for categorical reporter data. Overall P-values of , 0.05 were taken to indicate statistical significance. Bonferroni corrections to P-values were used when more than two survival curves were compared.
Data availability
Strains are available upon request. Raw numeric data are at https://figshare.com/s/7863ed7b6e2bed9e6510 and RNAseq (RNA sequencing) raw data are at the Gene Expression Omnibus (GSE107704).
Results
RNAi screening identifies a specific cuticle structure required for regulation of detoxification, osmolyte, and antimicrobial responses
The cuticle is a complex ECM composed of over 100 distinct collagen proteins secreted from underlying epidermal cells. It forms a hydrostatic skeleton, and acts as the primary barrier and first line of defense against many environmental insults (Johnstone 2000; Alvarez et al. 2007; Burns et al. 2010 ). The cuticle is composed of multiple layers, some with distinct structures discernable by light and/or electron microscopy. We used dsRNA feeding to disrupt diverse aspects of cuticle or epidermal integrity and test for induction of six stress response gene reporters: osmolyte accumulation (gpdh-1), antimicrobial (nlp-29), detoxification (gst-4), heat shock (hsp-16.2), and mitochondrial and endoplasmic reticulum unfolded protein (hsp-6 and hsp-4, respectively). These stress responses are conserved and well studied in C. elegans (Jones et al. 1989; Shen et al. 2001; Yoneda et al. 2004; Lamitina et al. 2006; Pujol et al. 2008a) .
Morphology phenotypes and reporter scores averaged over three trials are shown in Figure 1A , organized by morphology phenotype and strength of reporter induction. Results for the 19 of 40 dsRNA feeding clones that caused the most consistent morphology phenotypes are shown (gray shading), with variation between trials as is common with feeding clones (Zugasti et al. 2016) . A test was considered positive if the reporter gene was induced in $ 5% of the worm population, in at least two of three trials (white outlined boxes). We report for the first time that silencing of four cuticle/epidermal integrity genes activates gst-4p::GFP, as well as gpdh-1p::DsRed2 and nlp-29p::GFP. We also observed acute osmotic stress resistance when silencing the same genes ( Figure 1A , Figure S1A in File S1, and Table S2 ), a phenotype associated with gpdh-1 induction (Wheeler and Thomas 2006) . The hsp-16.2 and hsp-6 reporters were not activated by any clones. Silencing of many other genes caused a diverse range of expected cuticle, morphology, and epidermal phenotypes (e.g., Dumpy, Blister, Roller, Long, and Molting defect), but did not consistently activate gst-4 or gpdh-1 reporters. Together, these results suggest that detoxification and osmolyte responses are activated by silencing of a specific subset of dpy collagens and not by body shape or general epidermis disorganization. Consistent with previous studies (Tong et al. 2009; Ward et al. 2014; Taffoni and Pujol 2015; Zugasti et al. 2016) , the nlp-29 reporter was activated by silencing the same specific dpy genes, but was also activated by loss of genes that cause severe disruption of molting or epidermal integrity (mlt-7, bli-4, klf-3, and mua-6) and slightly by loss of dpy-11, which also activated hsp-4.
We also used a COPAS BIOSORT to quantify nlp-29p::GFP fluorescence with RNAi inactivation of 11 dpy genes ( Figure  1B and Figure S1 in File S1), nine of which overlap with Figure 1A . These results confirmed strong activation of nlp-29p::GFP with dpy-2, 3, 7, and 10 and lack of strong activation with dpy-11, 13, 5, 1, and 20; they also added dpy-8 and 9 to the list of dpy clones activating nlp-29p::GFP. nlp-29p:: GFP induction has also been confirmed in mutants of dpy-9 and 10 (Pujol et al. 2008b; Zugasti et al. 2014) . Interestingly, mutants of dpy-2, 3, 7, 8, 9, and 10 were previously found to have no annular furrows but did have other cuticle structures including alae, which are lateral ridges in the cuticle perpendicular to furrows (Cox et al. 1980; McMahon et al. 2003; Thein et al. 2003) ; morphology and stress response results are summarized for dpy genes in Table S2 .
To confirm the role of alae and furrows, we silenced dpy-2, 3, 7, and 10, and five other collagens with morphology phenotypes (dpy-5, 11, 1, 13, and sqt-2), in a strain of worm expressing COL-19::GFP, a collagen marker that labels the matrix of the circumferential transverse annuli and the trilaminate lateral alae (Thein et al. 2003) . Similar to prior analysis of mutants, silencing of dpy-2, 3, 7, or 10 completely disrupted the wild-type parallel pattern of furrows without eliminating alae (Figure 2) . Conversely, silencing of dpy-5 or 13 eliminated alae without disrupting furrows, and silencing of dpy-1 and sqt-2 did not cause any obvious disruption to either alae or furrows.
Silencing dpy-11 caused partial irregular branching of furrows and eliminated alae. Interestingly, it was only with dpy-11 RNAi that we observed activation of the endoplasmic reticulum stress response reporter (hsp-4) together with weak activation of the antimicrobial reporter (nlp-29) (positive in two out of three visual scoring trials and a nonsignificant 1.4-fold increase in BIOSORT quantification). Unlike most of the other Dpy genes tested, dpy-11 does not encode a collagen but rather a nematode-specific protein with a thioredoxin domain (pfam00085). It is exclusively expressed in epidermal cells, where is has been suggested to be localized to the endoplasmic reticulum or Golgi apparatus (Ko and Chow 2002) . It may be required for the maturation of cuticle collagens, but could also be involved in post-translational modification of other substrates, including signaling molecules linked to a distinct cellular stress pathway.
We next used qPCR with two collagen mutants with disrupted furrows [dpy-10(e128) and dpy-7(e88)], one with intact furrows [dpy-5(e61)], and one reported to have more general alae and furrow disruption [sqt-2(sc3)] (Thein et al. 2003) . As shown in Figure 3 , gpdh-1, gst-4, and nlp-29 were induced in dpy-10 and dpy-7 worms, but not in sqt-2 or dpy-5 worms, similar to the RNAi results (Figure 1 ). Another osmotic response gene (hmit-1.1) (Kage-Nakadai et al. 2011) was also induced only in dpy-10 and dpy-7 worms, and detoxification response genes (gst-10 and gst-30) were induced in dpy-7 worms. Other stress responsive genes that we tested were not induced by any of the mutations (Figure 3) .
Taken together, Figure 1 , Figure 2 , and Figure 3 suggest that specific loss of annular furrows, and not alteration of body shape, alae, or general epidermal integrity, initiates a signal that coactivates osmolyte accumulation, antimicrobial, and detoxification responses, but not all stress responses. The antimicrobial nlp-29 reporter also responded to detachment of the cuticle (blister phenotype, bli-4 and mlt-7), hemidesmosome disruption (mua-6), disruption of muscle/cuticle attachments (klf-3), and disruption of fatty acid metabolism (acs-3 and fasn-1) (Lee et al. 2010; Ward et al. 2014) ; the nlp-29 reporter also responded weakly to loss of thioredoxin domain-encoding gene dpy-11. This is consistent with nlp-29 being activated by a broad range of signals affecting epidermal integrity (Pujol et al. 2008a; Zugasti et al. 2016) .
Given that furrow mutants accumulate high levels of glycerol (Lamitina et al. 2006; Wheeler and Thomas 2006) , we speculated that detoxification, antimicrobial, and osmolyte accumulation stress responses could be induced in response to high internal osmolarity. As expected, dpy-7(RNAi) strongly induced glycerol accumulation in wild-type worms ( Figure S1B in File S1). Deletions in both gpdh genes (gpdh-1 and 2) reduced glycerol accumulation by dpy-7(RNAi) almost completely, i.e., by 87% ( Figure S1B in File S1). When measured by qPCR, dpy-7(RNAi) was able to significantly increase gst-4, nlp-29, and hmit-1.1 mRNA levels in gpdh knockout worms, albeit by a reduced relative amount compared to wild-type in part because of elevated basal levels ( Figure   S1C in File S1). Therefore, loss of furrows can activate stress responses without the majority of glycerol accumulation.
Role of skn-1 in gene expression during osmotic stress and in dpy-7 mutants
The transcription factor SKN-1 was previously reported to be important for detoxification responses under basal conditions and during oxidative stress (Oliveira et al. 2009; Park et al. 2009 ). We addressed the role of SKN-1 in dpy-7(e88) mutants and worms exposed to 300 mM NaCl for 3 or 24 hr with RNAseq. We also reanalyzed a previously published RNAseq data set for skn-1(RNAi) under basal conditions . Genes upregulated by dpy-7(e88) or osmotic stress were similar to those from previous studies of dpy-10 mutants and osmotic stress (Rohlfing et al. 2010) , and include osmolyte accumulation, pathogen response, and detoxification response (Table S3) . As expected, skn-1(RNAi) reduced expression of many phase II detoxification genes (Table S3) .
A heat map of genes differentially expressed in at least one of the seven comparisons and clustered by expression is shown in Figure 4 , with a table of correlation coefficients below (values are in Table S4 and Table S5 and Gene Expression Omnibus, GSE107704). The longer 24-hr exposure to 300 mM NaCl had similar effects on expression as dpy-7(e88) (correlation coefficient of 0.77), and they both upregulated more genes than they downregulated. The shorter 3-hr exposure to 300 mM NaCl had a smaller effect. The cluster of genes upregulated by high NaCl and dpy-7(e88) is enriched for structural functions (cuticle collagen, nidogen, cadherin, and myosin-like) and detoxification [UGT (glycosyltransferase), cytochrome P450, GST (glutathione S-transferase), and ABC transporters, Figure 4 ]. The cluster of genes downregulated by 300 mM NaCl and dpy-7(e88) is enriched for cuticle collagen, F-box, and fatty acid metabolism. These data are consistent with gene expression responses to compensate Figure 3 Quantitative PCR verification of stress response gene expression. mRNA levels for stress-inducible genes in four collagen mutants. n = 3-9 replicates of worms combined from one or two trials. * P , 0.05, ** P , 0.01, and *** P , 0.001 relative to N2, which was normalized to a mean of 1.0.
for osmotically-induced mechanical stress and changes to metabolism.
Using our analysis pipeline applied to a previously published data set, skn-1(RNAi) only downregulated 20 genes under basal conditions; skn-1(RNAi) only downregulated 1.2% of the genes upregulated by 3 hr of 300 mM NaCl (Table S3) . Alternatively, skn-1(RNAi) downregulated 4.1 and 12.1% of the genes upregulated by 24 hr NaCl and dpy-7(e88), respectively. These data indicate that SKN-1 plays a larger role in gene regulation during chronic high NaCl and furrow loss than under basal conditions and short-term high-NaCl exposure. The cluster of genes most strongly downregulated by skn-1(RNAi) in the heat map are enriched for detoxification and structural functions (top of Figure 4) , which is similar to enrichment within all genes upregulated by 24-hr 300 mM NaCl and dpy-7(e88). It is also clear in the heat map that many genes are induced independently of skn-1.
In Figure S2 in File S1, we present Sleuth b and q-values for core genes of the six stress responses screened in Figure 1 . Similar to the reporter data, dpy-7 significantly activated genes of the osmotic, antimicrobial, and detoxification responses without activating other stress responses. Exposure to 300 mM NaCl had similar effects, particularly at 24 hr. As expected, skn-1(RNAi) reduced induction of many phase II detoxification genes, particularly within the gst gene class. Figure 4 Heat map of differentially expressed genes clustered by relative expression change. All 1594 genes that were differentially expressed in at least one of the seven comparisons and present in all conditions tested are included. Average sleuth analysis estimates of expression effect size for each comparison ("b") are provided on a log 2 scale from decreased (blue) to increased (yellow). Correlation coefficients are provided below the heat map. GSE63075 data from N2 with and without skn-1(RNAi) are included. Gene functional category enrichments are from the Database for Annotation, Visualization, and Integrated Discovery (DAVID) 6.8. n = 3 replicates of worms per treatment.
Surprisingly, expression of gpdh-1 and hmit-1.1 osmolyte accumulation genes were partially decreased by skn-1(RNAi) in dpy-7(e88). Upregulation of some antimicrobial genes was actually slightly enhanced by skn-1(RNAi) at 24-hr NaCl and in dpy-7(e88). Lastly, there were also many ugt and a few gst genes that were induced regardless of skn-1(RNAi), suggesting independent or compensatory mechanisms of regulation.
Annular furrow defects activate detoxification genes in the epidermis via SKN-1
Members of the gst gene class are well-established targets of SKN-1, and qPCR confirmed the requirement of skn-1 for expression of gst-4 and gst-10 in dpy-7(e88) worms ( Figure  5 , A and B); these two direct targets are also under the control of skn-1 in wild-type worms ( Figure 5, A and B) . As shown in Figure 5C , a gst-4p::GFP reporter was activated in dpy-10(e128) worms in a skn-1-dependent manner. We next used the gst-4p::GFP reporter and another SKN-1 target reporter, gst-10p::GFP, to identify the tissues in which detoxification genes were induced. In dpy-10(e128) and dpy-7(RNAi) worms, gst-4p::GFP and gst-10p::GFP fluorescence was predominantly visible in epidermal cells (Figure 5 , D-G). This contrasts with the robust SKN-1 activation observed in the intestine during oxidative stress (An and Blackwell 2003; Kell et al. 2007; Kahn et al. 2008; Choe et al. 2009 ). Exposure of dpy-7(e88) worms to acrylamide, a strong SKN-1 inducer, activated gst-4p::GFP strongly in the intestine ( Figure S3B in File S1), indicating that the intestinal detoxification response is still intact when furrows are disrupted.
High external osmolarity activates skn-1-dependent detoxification genes in the epidermis
Given the similar transcriptional profiles observed with high NaCl and dpy-7(e88) (Figure 4) , we next addressed the role of SKN-1 in gene regulation upon osmotic stress. As shown in Figure 6 , A and B, high concentrations of NaCl or sorbitol induced gst-4p::GFP by a skn-1-dependent mechanism. Similar to dpy-7 and dpy-10 worms, the reporter was predominantly induced in the epidermis ( Figure 6C ). qPCR confirmed induction of gst-4 and another detoxification gene, ugt-57, via skn-1 in worms exposed to 300 mM NaCl for 3 hr (Figure 6, D and E) . Using a fluorescent plate reader, we observed induction of gst4p::GFP by as little as 118 mM sorbitol ( Figure 6F ), a level that has no obvious effects on worm health in our hands.
The skn gene generates three different transcripts (skn-1a, b, and c) that share a common C-terminus but with alternative start sites, and our dsRNA clone targets all three. gst-4 mRNA was fully induced by 300 mM NaCl and dpy-7(RNAi) in a recently engineered strain with a stop codon introduced into the first skn-1a-specific exon ( Figure S4A in File S1), consistent with either skn-1b or c functioning in these contexts. Although some prooxidants and genetic manipulations that induce the expression of skn-1-dependent genes provoke Figure 5 Disruption of cuticle annular furrows activates skn-1-dependent detoxification genes in the epidermis. (A and B) mRNA levels for gst-4 and gst-10 with and without skn-1(RNAi) in dpy-7(e88) worms (left graphs); results for skn-1(RNAi) in N2 worms are included for reference (right graphs). ** P , 0.001 and *** P , 0.001 relative to dpy-7 or control. (C) gst-4p:: GFP fluorescence images in N2, dpy-10(e128), and dpy-10(e128); skn-1(RNAi) worms. (D and E) gst-4p::GFP in dpy-10(e128) worms; images taken at the focal plane of the intestine are paired with a differential interference contrast micrograph. (F and G) gst-10p::GFP in dpy-7 (RNAi) worms; images taken at the focal plane of the intestine are paired with a differential interference contrast micrograph. (D-G) Broken lines mark the boundaries for the intestine (left) or epidermis (right). RNAi, RNA interference.
nuclear accumulation of SKN-1b/c::GFP, there are also many conditions in which skn-1-dependent genes are induced without visible nuclear accumulation (An and Blackwell 2003; Kahn et al. 2008; Wu et al. 2016) . These results are consistent with mechanisms that can increase gene expression via SKN-1 without increasing nuclear levels above what already exists under basal conditions. When accumulation does occur, it is most easily observed in the intestine and epidermis (Wu et al. 2016) . We used worms expressing a SKN-1b/c::GFP fusion protein to determine if furrow disruption or high osmolarity cause nuclear accumulation of the transcription factor. We counted the number of worms with visible SKN-1b/c::GFP fluorescence when treated with dpy-7(RNAi), dpy-10(RNAi), 347 mM sorbitol, or 200 mM NaCl ( Figure 6G ). We focused on the head epidermis, where gst-4p::GFP fluorescence is highest in furrow mutants ( Figure 5 ). As shown in Figure  6G , we observed accumulation of SKN-1b/c::GFP only with the positive control prooxidant juglone.
Osmolyte accumulation gene induction is partially dependent on skn-1
As mentioned above, our transcriptional analyses show that skn-1(RNAi) reduced the expression of some osmolyte accumulation genes after exposure to high concentrations of NaCl and in dpy-7 worms (Figure 4 ). This represents a novel function for SKN-1. To confirm these effects, we used qPCR and found that gpdh-1 and hmit-1.1 expression was partially, or fully, dependent on skn-1 in worms exposed to 300 mM NaCl Figure 6 High osmolarity activates skn-1-dependent detoxification genes in the epidermis. gst-4p::GFP is induced in worms exposed to 400 mM NaCl (A) or 652 mM sorbitol (B), and suppressed by skn-1(RNAi) (*** P , 0.001); low (dim signal limited to a few spots), medium (dim signal throughout the epidermis or bright signal only in head or tail regions), and high (bright signal throughout the epidermis). (C) Paired fluorescent and differential interference contrast images of the intestine (left) and epidermis (right) of a worm exposed to 400 mM NaCl. (D and E) Relative gst-4 and ugt-57 mRNA levels in worms exposed to 300 mM NaCl for 3 hr with and without skn-1(RNAi) (* P , 0.05, ** P , 0.01, and *** P , 0.001 vs. 300 mM, n = 4-5 populations of worms). (F) gst-4p:: GFP fluorescence levels in worms exposed to a range of sorbitol concentrations overnight. n = 16 microplate wells. (G) Number of worms with and without nuclear SKN-1::GFP in the head region observed with confocal microscopy. No SKN-1::GFP was observed in the intestine under any conditions. for 3 hr and in dpy-7 worms (Figure 7, A-D) . On the other hand, skn-1(RNAi) had no effect on gpdh-1 or hmit-1.1 expression after 24 hr on 300 mM NaCl corresponding to a time when glycerol levels approach a steady state (Figure 7 , E and F) (Lamitina et al. 2004) . Under basal conditions in wild-type worms, gpdh-1, but not hmit-1.1, was partially dependent on skn-1 (Figure 7, G and H) .
We next measured whole-worm glycerol levels in dpy-7 worms and worms exposed to 300 mM NaCl for 6 or 24 hr, because previous studies reported high glycerol accumulation rates at 6 hr and an elevated steady-state glycerol level at 24 hr (Lamitina et al. 2004) . As expected, glycerol was dramatically elevated by dpy-7 mutation and high osmolarity (Figure 7, I-L) . Loss of skn-1 partially reduced glycerol levels in dpy-7 worms ( Figure 7J ), but not in worms exposed to high osmolarity (Figure 7, K and L) . Taken together, these data indicate that in worms with disrupted annular furrows, skn-1 is partially required for the expression of osmotic-responsive genes and accumulation of glycerol. skn-1 also plays a role in the initial induction of osmolyte accumulation genes by high osmolarity, but without a measurable effect on total glycerol levels.
Physiological assays with skn-1
We next tested if longevity or resistance to a prooxidant was altered in dpy-10 or dpy-7 worms as might be expected with constitutive activation of detoxification genes. As shown in Figure 8A , dpy-7 and dpy-10 worms had life spans that were very similar to wild-type, and both were actually hypersensitive to the naturally occurring reactive small molecule juglone compared to wild-type worms ( Figure S4B in File S1). The Figure 7 Induction of osmolyte synthesis genes partially requires skn-1. (A and B) Relative gpdh-1 and hmit-1.1 mRNA levels in dpy-7(e88) worms with and without skn-1(RNAi). (C-F) Relative gpdh-1 and hmit-1.1 mRNA levels in worms exposed to 300 mM NaCl for 3 hr (C and D) or 24 hr (E and F) with and without skn-1(RNAi). (G and H) Relative gpdh-1 and hmit-1.1 mRNA levels in N2 with and without skn-1(RNAi) [* P , 0.05 vs. dpy-7 (A and B), 300 mM NaCl (C and D), or control (G and H); n = 3-4 replicates of worms]. (I and J) Whole-worm glycerol levels in N2 and dpy-7(e88) worms with and without skn-1(RNAi). n = 7-9 replicates from two trials. * P , 0.05. (K and L) Whole-worm glycerol levels in worms exposed to 300 mM NaCl for 6 (K) or 24 hr (L) with and without skn-1(RNAi). n = 3-5 replicates of worms from one trial.
cuticle is the nematode's primary barrier and its disruption is known to increase sensitivity to diverse small molecules (Partridge et al. 2008) . The sensitivity of dpy-7 and dpy-10 worms is consistent with barrier disruption, and this was also observed for dpy-5 mutants ( Figure S4B in File S1) that do not exhibit an elevated level of gst gene expression (Figure 3) . Inactivation of skn-1 further decreased survival ( Figure S4B in File S1), consistent with SKN-1 contributing generally to protection against oxidants.
We next conducted experiments to explore the influence of SKN-1 on survival in the presence of high NaCl. We first tested the effects of SKN-1 loss and activation using skn-1 and wdr-23(RNAi), respectively, on the ability of young adult worms to survive for a day after direct transfer from standard growth media containing 51 mM NaCl to media containing 450 mM NaCl. WDR-23 is a direct and robust repressor of SKN-1 (Choe et al. 2009 ). Both skn-1 and wdr-23 RNAi increased survival under these conditions, although the effects were small (Figure 8B ). These effects suggest that SKN-1 manipulation has complex effects in survival upon acute hyperosmotic exposure that might include compensatory responses.
We also tested the effect of skn-1(RNAi) on longevity under conditions of chronic high NaCl. It was recently demonstrated that high NaCl can increase longevity of C. elegans, but only in the presence of the DNA synthesis inhibitor 5-fluorodeoxyuridine, which is commonly used to prevent growth of progeny (Anderson et al. 2016) . To circumvent this complication, we avoided progeny in these experiments by manually transferring adult worms to new plates. Life span was measured at 51 mM NaCl, 200 mM NaCl, and 500 mM NaCl. Worms had to first be grown on 200 mM NaCl before transferring to 500 mM at the early adult stage to allow larval development. Loss of skn-1 decreased life span at 500 mM, but this was similar to the effect on standard 51 mM media ( Figure 8C ), consistent with SKN-1 promoting life span in many contexts.
Distinct, but overlapping, transcription factors function downstream from furrow disruption
Transcriptional control of gpdh-1 and nlp-29 upon osmotic challenge in the C. elegans epidermis has been reported to be dependent on the ELT-3 GATA transcription factor (Pujol et al. 2008b; Rohlfing et al. 2010) . nlp-29 also depends on the STAT transcription factor-like protein STA-2 during infection and wounding, but not high NaCl (Dierking et al. 2011) . ELT-3 has been postulated to cooperate with a number of transcription factors, including SKN-1 and STA-2, to permit stress responses in the epidermis (Block and Shapira 2015) . We tested the effects of RNAi for elt-3, sta-2, and skn-1 on gpdh-1, gst-4, and nlp-29 reporter induction in dpy-7 furrow mutants ( Figure  9 ). Note that while gst-4p::GFP and nlp-29p::GFP are primarily active in the epidermis in this context, gpdh-1p::DsRed2 is active in the intestine and epidermis, and fluorescence levels are from whole worms. RNAi of skn-1 decreased gpdh-1p::DsRed2 and gst-4p::GFP confirming a shared requirement; skn-1-(RNAi) actually slightly increased nlp-29p::GFP (Figure 9 ), which was also observed for nlp-29 mRNA in RNAseq analysis ( Figure S2 in File S1). RNAi of elt-3 decreased gst-4p::GFP and nlp-29p::GFP significantly, but did not have a significant effect on total gpdh-1p::DsRed2 fluorescence (Figure 9 ). RNAi of sta-2 decreased gpdh-1p::DsRed2 and nlp-29p::GFP, but not gst- Figure 8 Physiological assays for skn-1. (A) Survival curves for longevity. P . 0.7095 for dpy-7 and dpy-10 relative to N2. n . 150 worms from two trials combined. (B) Survival, after 24 hr, of skn-1 and wdr-23(RNAi) worms transferred directly from 51 to 450 mM NaCl agar. ** P , 0.05 and ** P , 0.01 relative to control(RNAi), n = 4 trials of 30-581 worms. (C) Survival of chronic exposure to high NaCl. All worms were treated from L1 larval stage except for 500 mM NaCl; these worms were grown on 200 mM NaCl until young adults and then transferred to 500 mM NaCl. n = 234-342 worms from three trials. P , 0.001 for skn-1(RNAi) at 51 and 500 mM NaCl, and P = 0.0254 for skn-1(RNAi) at 200 mM NaCl.
4p::GFP. Using mutants in dpy-3, dpy-7, and dpy-10 worms, we confirmed the requirements of sta-2 and elt-3 for nlp-19p::GFP ( Figure S4C in File S1). Collectively, the results in Figure 9 and Figure S4 in File S1 suggest that disruption of furrows in the cuticle activates osmotic, detoxification, and antimicrobial transcriptional responses via distinct, but overlapping, downstream transcription factors (Figure 10 ).
Discussion
Coregulation of three stress responses via cuticle furrows
The cortical layer of the adult C. elegans cuticle contains lateral ridges of collagen called alae and circumferential bands called annular furrows. Annular furrows were previously implicated in regulation of gpdh-1 from a genome-wide RNAi screen (Lamitina et al. 2006; Wheeler and Thomas 2006; Choe 2013) . Two collagen mutants with furrow defects were also previously shown to have high nlp-29 expression (Pujol et al. 2008b ), but it was unknown if other cuticle/epidermal characteristics and stress responses were involved.
Mutation or silencing of six collagen genes (dpy-2, 3, 7, 8, 9, and 10) severely disrupts furrows without eliminating alae (Cox et al. 1980; McMahon et al. 2003; Thein et al. 2003) (Figure 2 and Table S2 ). We demonstrate that genetic manipulations that specifically disrupt furrows coactivate osmolyte accumulation, nlp-29, and skn-1-dependent detoxification genes, but do not activate responses to heat shock, mitochondrial unfolded proteins, or endoplasmic reticulum unfolded proteins (Figure 1, Figure 2, Figure 3 , and Figure S2 in File S1). Therefore, our results are consistent with a requirement for annular furrows in regulating osmolyte accumulation, antimicrobial, and skn-1-dependent detoxification genes, but not all stress responses.
The cuticle and underlying epidermis form the primary barrier between tissues and the environment, and are therefore well positioned to detect and respond to stress. Recent atomic force microscopy analyses revealed high biomechanical stiffness at furrows relative to annuli (Essmann et al. 2017) . Nematode body morphology is supported by turgor pressure against the body wall. Hypertonicity-induced water loss depletes turgor pressure in C. elegans, and the epidermis and cuticle become physically distorted (Lamitina et al. 2004; Choe 2013) . Given that furrows are circumferential bands of collagen in the cuticle, we speculate that mechanical strain on these structures likely changes with turgor pressure against the body wall. Physical distortion of furrows or changes in associated extracellular ligand availability could signal via membrane proteins such as integrins, G protein-coupled receptors, phospholipases, enzyme-linked receptors, or ion channels (Clause and Barker 2013; Ross et al. 2013; Schiller and Fassler 2013; Gasparski and Beningo 2015) . Interestingly, loss of a protein secreted by the epidermis named OSM-11 coactivates osmolyte synthesis, detoxification, and antimicrobial genes (Wheeler and Thomas 2006; Pujol et al. 2008b; Dresen et al. 2015) without causing any obvious cuticle defects. OSM-11 is thought to act as a ligand for Notch receptors to regulate vulva development and behavior (Komatsu et al. 2008; Singh et al. 2011) . It remains to be seen if Notch signaling plays a role in transmitting signals from the cuticle. It will also be interesting to examine whether hypoosmotic-induced increases in turgor pressure are also able to initiate signals to stress responses.
A G protein-coupled receptor named DCAR-1 is partially required for induction of nlp-29 in the furrow mutants dpy-9 and dpy-10, but was not required for transcriptional activation of nlp-29 upon osmotic stress (Zugasti et al. 2014 ). These results suggest that different receptors might be activated downstream from a common furrow-associated sensor. Figure 9 Transcription factor requirements. (A and B) Worms grown to the gravid adult stage were mounted on slides and imaged. Image J was used to measure pixel intensity of individual worms on the GFP (A) or red fluorescent protein RFP (B) filter sets and values were normalized to the mean of control(RNAi). n = 10 worms. (C) The ratio of nlp-29p::GFP to time of flight was measured in a BIOSORT and normalized to the negative control sta-1(RNAi). n = 95-259. Boxes are 25% percentiles above and below the median and whiskers are minimum and maximum. * P , 0.05, ** P , 0.01, and *** P , 0.001 vs. control(RNAi).
Distinct transcription factor requirements downstream of furrow disruption
In yeast, at least four transcription factors downstream from an osmosensor-associated protein named HOG1 (hyperosmolarity glycerol response 1) activate downstream genes (Hohmann et al. 2007) . In mammalian cells, the hypertonicity enhancer-binding protein (TonEBP), also known as NFAT5, regulates a battery of genes responsible for organic osmolyte accumulation and cytoprotection (Lee et al. 2011) . C. elegans lacks a close homolog of TonEBP, and instead GATA transcription factor elt-3 is at least partially required for gpdh-1 and nlp-29 induction by high NaCl in the epidermis (Pujol et al. 2008b; Rohlfing et al. 2010) .
Our results are consistent with distinct, but partially overlapping, transcriptional pathways functioning downstream from furrow loss to activate distinct stress responses ( Figure  10 ). Interestingly, elt-3, in addition to skn-1, is required for the detoxification response to furrow loss (Figure 9 ). Similarly, elt-3 and skn-1 were recently shown to coregulate detoxification genes in a stress-sensitive mutant (Hu et al. 2017) . Conversely, sta-2 is completely required and elt-3 is partially required for the antimicrobial response in the epidermis (Figure 9 and Figure S4B in File S1). We found evidence of a novel role for skn-1 in induction of gpdh-1 ( Figure  7 and Figure 9 ). SKN-1-binding elements were previously defined (Blackwell et al. 1994; Rupert et al. 1998 ), but we found none within 3-kb upstream of gpdh-1 nor hmit-1.1 start codons, suggesting indirect regulation.
SKN-1-dependent gene induction
Regulation of intracellular SKN-1/Nrf signaling in response to reactive small molecules is well studied in mammalian cells and C. elegans (Taguchi et al. 2011; Niture et al. 2013; Blackwell et al. 2015; Wu et al. 2016 Wu et al. , 2017 . Conversely, very little is known about regulation of SKN-1/Nrf pathways via the ECM. A lack of obvious increases in nuclear accumulation ( Figure 6G ) is consistent with regulation by post-translational modification or by changes in interaction with DNA or cofactors.
Antioxidant/detoxification pathways protect tissues from inflammation and fibrosis, making coordination of Nrf2 signaling and the ECM important to disease pathogenesis (Wu et al. 2015; Ahmed et al. 2017; Xu et al. 2017) . In cultured mammalian vascular cells, Nrf2-dependent responses have been shown to be activated by mechanical shear stress that models turbulent blood flow, with intracellular reactive oxygen species (ROS) being implicated as a downstream signal (Jones et al. 2007; Warabi et al. 2007; Hsieh et al. 2014) . It is not known how the extracellular mechanical stimulus is detected and transduced into the cell where ROS are generated. It was recently shown that a skn-1-dependent detoxification response could be activated by an increase in ROS at the ER via sulfenylation of the kinase IRE-1 (Hourihan et al. 2016) . It remains to be seen if ROS are increased in furrow mutants through the action of an endogenous enzyme. Signaling mechanisms that act downstream of annular furrow disruption to activate SKN-1-mediated transcriptional responses will define a novel mode of signaling for this conserved family of stress and longevity factors. 
